Abstract. In the present paper we report the results of a multiconfigurational computational study on potentialenergy curves of azobenzene along the NN twisting to clarify the role of this coordinate in the decay of the S 2 (pp*) and S 1 (np*) states. We have found that there is a singlet state, S 3 at the trans geometry, on the basis of the doubly excited configuration n 2 p* 2 , that has a deep minimum at about 90°of twisting, where it is the lowest excited singlet state. The existence of this state provides an explanation for the short lifetime of S 2 (pp*) and for the wavelength-dependence of azobenzene photochemistry. We have characterized the S 1 (np*) state by calculating its vibrational frequencies, which are found to correspond to the recently observed transient Raman spectrum. We have also computed the potential-energy curve for the triplet T 1 (np*) at the density functional theory B3LYP level, which indicates that in this state the isomerization occurs along the twisting coordinate.
Introduction
Azobenzene (Ab) and many of its derivatives undergo cis-trans isomerization both photochemically and thermally [1, 2] . Cis (Z) and trans (E) isomers exhibit wellseparated absorption bands in the UV-vis region [1, 2] and thus each isomer can be easily photoconverted into the other. Since the two isomers have, in general, different physical properties, such as dielectric constant and refractive index, Ab and its derivatives are good candidates for many applications as light-triggered switches [3] . Molecular systems based on Ab can be used as constituents of erasable holographic data, image storage devices and materials with photomodulable properties [4, 5, 6] . Furthermore, it has recently been proposed that the Ab photoisomerization could be a basis for a light-powered molecular machine [7] . For these reasons Ab has been the subject of an intense study and a detailed understanding of its photochemistry may result in many useful applications in material science.
The UV-vis absorption spectrum of E-Ab in hexane solution shows a weak band at 432 nm ( max =400) and an intense band with a maximum at 318 nm ( max =22,300) [3, 8, 9, 10, 11, 12] . The former is structureless even in low-temperature mixed crystals [13, 14] and is attributed to the lowest singlet state, S 1 ,o fn p * nature and of B g type in the C 2h symmetry group. The latter shows a rich vibronic structure in the dibenzyl single-crystal spectrum at 20 K [14] , exhibiting identifiable vibrational progressions built upon an origin at 362 nm (27,662 cm )1 ) and is attributed to the S 2 state, of pp* nature and of B u symmetry type. Thus, the S 2 ‹ S 0 transition is allowed, while the S 1 ‹ S 0 transition is symmetry-forbidden and acquires weak intensity via out-of-plane motions, primarily the twisting around CN bonds. In the Z-Ab isomer, one finds similarly two bands in the UV-vis absorption spectrum, at 440 and 260 nm [3] , with similar intensity ratio as in E-Ab.
The Z-E photoisomerization quantum yield depends on the excitation wavelength [3] . In an inert solvent such as n-hexane, the quantum yields of the E-Ab fi Z-Ab photoconversion are 0.25 and 0.12, exciting the S 1 and S 2 states [15] , respectively. The quantum yields of the inverse process Z-Ab fi E-Ab are 0.53 and 0.40, exciting the S 1 and S 2 states, respectively [15, 16] .
Whereas the Z-E isomerization in stilbene, and, in general, in diarylethylenes, takes place along the torsion around the ethylenic double bond, the same process in Ab can proceed along two paths, the torsion around the N=N double bond and the in-plane inversion. In the latter case, the transition state corresponds to a linear geometry whereby one nitrogen atom is sp hybridized. The analysis of the photoreactivity of Ab is complicated also by the presence of np*(S 1 )andpp*(S 2 )states in the low-energy region of the spectrum. The lifetime of these states is very short (in hexane 0.11 and 0.5 ps for S 2 and S 1 , respectively [17] ) and their fluorescence emission is very weak (in hexane the fluorescence quantum yields have been estimated to be 2.5·10
)5 and 7.5·10 )7 for S 2 and S 1 , respectively [17] ). A specific feature of the Ab photoisomerization is the excitation-wavelength dependence of its quantum yield: the quantum yield is lower when UV light is used for excitation [3] . However, Ab derivatives in which the torsional motion is prohibited show a photoisomerization quantum yield that is the same for both states and which is very similar to the yield of the photoisomerization of Ab excited in S 1 [2] . This observation implies that the decay from S 2 does not proceed exclusively through S 1 and suggests that the photoreaction occurs along different paths in the two states, namely the NN torsion in S 2 and along the inversion in the S 1 state. This view was confirmed by an early ab initio minimal basis set calculation, performed at selected geometries for the ground state and a few excited states (S 0 ,S 1 ,S 2 ,T 1 ,T 2 ) [18] , which provided the first potential-energy diagram to discuss the photophysical observations on Ab. Recently, Cattaneo and Persico [19] have reconsidered the photochemistry of Ab following the 1 np * and 1 pp * excitation and the thermal isomerization of Ab at the complete-active-space self-consistentfield (CASSCF) level of theory and by multireference perturbation theory at the configuration interaction by perturbation with multiconfigurational zeroth-order wave functions selected by an iterative method (CIPSI) level considering both pathways. They confirmed the view that isomerization occurs along the inversion and the torsion path upon excitation of S 1 and S 2 , respectively. They also found a totally symmetric excited state, based on a doubly excited configuration, showing a potential-energy minimum along the torsion, at about 90°. This state, which can be reached from S 2 by overcoming an energy barrier, suggests that the torsion coordinate may play a significant role in the decay from this state.
Many theoretical studies have been performed by several groups to obtain improved structural, vibrational and energetic information on Ab. Tsuji et al. [20] determined the structure of the ground state of E-Ab using second-order Møller-Plesset perturbation theory (MP2) and density functional theory (DFT) methods. CASSCF and multireference configuration interaction with singles and double excitations (MRSDCI) calculations were also performed by Ishikawa et al. [21] to study the 1 np* and 1 pp* excitations. Very recently, Ha¨ttig and Hald [22] tested their newly implemented RI-CC2 triplet excitation energies method on E-Ab and determined the energies of the S 1 and T 1 states.
Several experimental studies have been performed to elucidate the mechanisms of the photophysical and photochemical processes. Femtosecond time-resolved absorption [9, 10, 11, 12] and fluorescence [17] spectra have been measured to clarify the relaxation processes and picosecond time-resolved Raman scattering spectra [23] have been recorded to identify transient intermediate states.
The early photophysical study by Morgante and Struve [24] observed for the first time faint vestiges of S 1 and S 2 fluorescence spectra. Subsequent studies by Lednev and coworkers [10, 12] by femtosecond UV-vis absorption spectroscopy of E-Ab in n-hexane solutions revealed a transient absorption at 400 nm with a lifetime ranging from 2.5 ps, by excitation close to the S 1 origin, at 503 nm, to 0.6 ps upon excitation well above the S 1 origin, at 390 or 420 nm. Excitation in the S 2 state, at 300 nm, resulted in a transient absorption around 475 nm with a lifetime shorter than 0.2 ps, associated with the S 2 state itself. A time-resolved absorption study was also performed for the Z isomer and, upon excitation in the S 1 band, at 435 nm, a photoproduct with a dominant decay of 0.17 ps and a weaker component of 2 ps was found [11] .
Very recently Fujino et al. [17] investigated the relaxation mechanism of E-Az by femtosecond timeresolved fluorescence following excitation at 280 nm, which corresponds to the blue side of the S 2 ‹ S 0 absorption. Collecting emissions at several wavelengths, they measured the time-resolved fluorescence spectra and found that the emissions decay according to exponentials described by s 1 and s 2 , with s 1 =0.5 ps and s 2 =0.11 ps. The latter lifetime was associated with the S 2 decay, while the former was attributed to the S 1 decay. In the same paper, these authors estimated that E-Ab, excited in S 2 , decays to S 1 with a quantum yield close to unity and, by assuming that E-Ab, excited in S 2 , can decay to S 1 only from planar geometries and that it would bypass S 1 in the decay from twisted geometries, concluded that E-Ab, excited in S 2 , does not twist around the NN bond and thus cannot isomerize along this path. Thus, Fujino et al. [17] have questioned the generally accepted view that photoisomerization in Ab occurs via inversion in S 1 and via rotation in S 2 , and proposed instead that this photoreaction proceeds via inversion, without participation of the NN twisting, in all electronic states. Clearly, despite the active experimental and theoretical research carried out in recent years, the photoisomerization mechanism in Ab remains unclear. Because of this, we started to reexamine the mechanism of the Ab photoisomerization in the singlet manifold by up-to-date theoretical methods.
Z-E photoisomerization in Ab is also observed by excitation of triplet states [15, 25] . In analogy with the singlet manifold, the two lowest triplet states are of np* (T 1 ) and pp*( T 2 )n a ture. Unfortunately, the information about these states is very scarce. In fact, the phosphorescence spectrum has not yet been detected even at 77 K, and absorption spectra did not reveal any band attributable to the singlet-triplet absorption. Furthermore, no triplet-triplet transient absorption, following pulsed laser excitation, has been observed up to now.
In this work, we consider the role of the torsional coordinate in the relaxation of Ab singlet excited states with the aim of clarifying the pathway of the S 2 decay and the nature of the observed intermediates. We also discuss the mechanism of the photoreactivity in the ground state and in the lowest triplet state that was so far mostly neglected both experimentally and theoretically. Aspects not considered in this work will be pursued elsewhere. The paper is organized as follows. We describe the computational techniques we employed in Sect. 2. We present our results, namely the potentialenergy-curve diagram for the lowest singlet states, for the lowest triplet states and the vibrational frequencies for S 1 , in Sect. 3. We discuss our results in the light of the observations and of previous calculations in Sect. 4 .
Computational details
The E-Z isomerization was studied using the CASSCF method, followed by multistate CAS second-order perturbation theory (MS-CASPT2) [26] . Comparative calculations were also performed with methods derived from DFT, using the B3LYP exchange-correlation functional [27] .
For each value of the dihedral CNNC angle, the molecule's structure was optimized for the lowest singlet and triplet states at the DFT-B3LYP level. Using the B3LYP geometries, various singlet and triplet excited states were determined by reexploring these paths at the MS-CASPT2 and time-dependent (TD) DFT levels of theory. The most important structures along these curves were also optimized in the excited states at the CASSCF level of theory.
The CASSCF method [26] was used to generate molecular orbitals and reference functions for subsequent MS-CASPT2 calculations of the dynamic correlation energy [28] . The MS option of the CASPT2 method was employed: it allows CASPT2 calculations to be performed for a number of the selected roots from a stateaverage CASSCF calculation. An effective Hamiltonian, constructed using second-order perturbation theory, is diagonalized to obtain the final MS-CASPT2 energies [29] . The MOLCAS-5.2 quantum chemistry program [30] was used.
The choice of active space is a crucial step in a CASSCF calculation. In our previous study on the trans-stilbene molecule [31] we explored the performance of various active spaces up to the space formed by 14 valence p molecular orbitals with 14 p electrons. Ab is the analogue of stilbene, in which two nitrogen atoms have replaced the two central CH groups. In the Ab case, a calculation equivalent to the 14/14 calculation for stilbene would also include the two nitrogen bonding lone-pair orbitals, and this would add up to 18 electrons in 16 orbitals. It is presently not possible to handle such an active space. After a series of tests it turned out that a balanced active space is 14 electrons in 12 orbitals (14/12), corresponding to the 10/10 p valence and the two doubly occupied nitrogen lone pairs.
In the C 2h group of symmetry, the p orbitals belong to the A u and B g irreducible representations. In the 14/12 calculation, the active space is composed of one, one, six and four active orbitals in the four irreducible representations A g , B u , A u and B g , respectively.
Results obtained with other active spaces, such as 14/14, in which two extra p orbitals have been added to the 14/12 space, are also reported.
Generally, contracted basis sets of atomic natural orbital type were used with the contraction scheme 3s2p1d on C and N, and 2s1p on H [32] .
The geometry of the ground state (S 0 ), the first singlet excited state (S 1 ) and the first triplet (T 1 ) excited state of E-Ab were optimized at the CASSCF level by computing analytical first derivatives [33] . The CASSCF harmonic frequencies for the S 0 and the S 1 states were computed using analytical second derivatives by the method of Bernhardsson et al. [34] . For comparison similar calculations were performed at the DFT-BLYP level, with a 6-31G* basis set, using the program Gaussian98.
Results

Ground state
The structure of the molecule and the numbering of the atoms are specified in Fig. 1 . The energy differences between the Z-Ab and the E-Ab isomers are found to be 15.2 and 12.6 kcal mol )1 by the B3LYP and the CAS-PT2 approaches, respectively. The experimental gap is about 12 kcal mol )1 [35] and is quite close to the CASPT2 result. The Z and E isomers are separated by potential-energy barriers along both the torsional coordinate, along which the N=N bond is partially broken, and the in-plane inversion path, because the N hybridization changes from sp 2 to sp. Experimentally [2, 36] , it is found that thermal Z-E isomerization is associated with a barrier of 22-23 kcal mol )1 , i.e., the transition-state energy is about 35 kcal mol )1 above the E isomer. Obviously, this value pertains to the energy of the lower of the two barriers, but experiments do not specify with which path it is associated.
The S 0 optimized potential-energy curve along the torsional path evaluated by B3LYP calculations is reported in Fig. 2 . The transition-state energy along the inversion coordinate, calculated by the B3LYP approach, is 40.5 kcal mol )1
. Close to the transitionstate geometry, one benzene ring becomes orthogonal to the molecular plane, as found by other authors [19, 37] . The torsional transition state corresponds to a biradicalic electronic structure; thus, nondynamical correlation energy is appreciable and the accurate estimate of its energy becomes more complicated. The calculation with the unrestricted B3LYP can give two different results corresponding to two different solutions. A transitionstate energy of 49.4 kcal mol )1 corresponding to <S 2 >=0 is obtained, while an energy of 32.1 kcal mol )1 corresponding to <S 2 >=1 is found. The last solution indicates an equal-weight mixture of singlet and triplet diradicalic structures, which, in principle, should , i.e., very similar to the energy of the spin-contaminated state, the latter energy should be a good approximation to the energy of the S 0 torsional transition state. The CASPT2 calculations are certainly more significant in such a case and give a transition energy of 38.1 kcal mol )1 . In conclusion, it appears from the present calculations that the transition states along the two isomerization paths have very similar energies, as suggested by Cimiraglia and Hoffmann [37] , and that, contrary the suggestions of many authors, the N=N torsion is probably the path with the lower barrier. Furthermore, since the lowest triplet state, T 1 , shows a still lower energy at a CNNC dihedral angle of 90°(29 kcal mol )1 according to B3LYP), a contribution to the thermal process may come via a crossing to the triplet energy surface. This may render the torsional coordinate the more important for the thermal isomerization. In this respect, it is worth noting that the preexponential factor for thermal isomerization is about 10 11 s )1 [2, 36] , definitely lower than the typical frequency factor kT/h for adiabatic reactions. We calculated the optimized geometries for the Z and E isomers. The typical bond distances, angles and rotational constants for the ground state (S 0 ) and the lowest singlet (S 1 ) and triplet (T 1 ) excited states of E-Ab, obtained at the CASSCF and B3LYP levels of theory, are reported in Table 1 . For the S 0 ground state, B3LYP predicts bond distances in better agreement with experiment [20] than CASSCF. This is especially true for the central N=N double bond, which is predicted to be too short at the CASSCF level (1.239 versus 1.261 Å ), with both the 14/12 and 14/14 active spaces. This result reflects the lack of the dynamical correlation in the CASSCF approach. A better description would require a CASPT2 or a MP2 optimization. The B3LYP geometries are, in general, reliable, and this is also the case for Ab as is seen from the data in Table 1 .
Both CASSCF and B3LYP predict the CNNC and NNCC dihedral angles to be 0.0°for the E isomer. Interestingly, according to a MP2/6-31G* study [20] , the NNCC angle corresponding to a minimum is different from zero and the potential-energy curve forms two minima at +19.5°and )19.5°separated by a tiny barrier of 0.4 kcal mol )1
. However, the presence of such a small barrier would not have a sharp physical consequence and the observed equilibrium geometry would still be planar.
The structural parameters calculated for the Z isomer are given in Table 2 . With respect to the E isomer, the NC bonds are found to be longer by 0.01 Å by both the CASSCF and B3LYP approaches. The same result was found previously by Ishikawa et al. [21] and by Cattaneo and Persico [19] . The CNNC dihedral angle is predicted to be slightly different from zero, less than 10°, by both the CASSCF and B3LYP approaches. The NNCC dihedral angle is found to be about 50°, in agreement with the findings of most authors.
A comparison between the 14/12 and 14/14 CASSCF results shows little change in the N=N and N-C bond distances, indicating that even at the 14/12 level a good description of the structure is obtained. 
Triplet state
Experimental information about the energies and the properties of triplet states of Ab is very scarce. No solvent-induced absorption and emission S 0 -T 1 transition has been observed, and no transient T n ‹ T 1 absorption has been detected so far, even in low-temperature matrices. For comparison, in stibene T 1 fi S 0 phosphorescence and T n ‹ T 1 transient absorption spectra could be observed [38] . The fact that T 1 has so far escaped observation underscores the very short lifetime of this state. The only accurate determination of the energy of T 1 in both the Z and E isomers was carried out by Monti et al. [25] , by an appropriate analysis of the rate constant for the energy transfer from a number of energy donors with different triplet energies. The adiabatic T 1 -S 0 energy differences (corresponding approximately to the energy of the 0-0 band) for the E and Z isomers were found to be 35 and 29 kcal mol )1 , respectively. Taking into account that the adiabatic Z-E energy gap in S 0 is 12 kcal mol )1 , it follows that the absolute adiabatic energies of the E and the Z isomers in T 1 are 35 and 41 kcal mol )1 , respectively. According to all calculations, the lowest triplet state in the planar geometries is of np* nature. Once the molecule becomes nonplanar, following the N=N torsion, the np* and pp* states mix and the weight of the pp* component increases twisting toward 90°.
The T 1 state energies, relative to the S 0 E-Ab energy, computed by the B3LYP approach at the most significant geometries, E, Z, inverted and twisted, are given in Table 3 . After geometry-optimization the Z and E energies are 44.7 and 34.2 kcal mol )1 , respectively. These two structures prove to be transition states by frequency calculations. The optimized energies at the twisted and inverted geometries are 27.8 and 48.4 kcal mol )1
. It turns out that the latter geometry is not a transition state, but a second-order saddle point, while the former represents a minimum on the potentialenergy surface. Thus, the inversion path for Z-E isomerization requires overcoming a barrier. In contrast, the torsion path leads monotonically to the minimum close to the twisted geometry, as found previously [18, 19] , from where the decay to S 0 is very fast. Thus, the latter represents the more favorable path for triplet-state photoisomerization of Ab. As a check of the B3LYP results, we performed a CASPT2 calculation on the triplet energies and also these results, which are reported in Table 3 , support the picture emerging from the B3LYP study.
The potential-energy curves of S 0 and T 1 along the torsional coordinates obtained by B3LYP are shown in Fig. 2 . Interestingly, we find that the minimum of the T 1 potential-energy surface is not exactly above the S 0 barrier, but rather shifted somewhat toward the E isomer. This suggests that, by exciting both isomers in T 1 , we should obtain predominantly the E form. Indeed, Bortolus and Monti [15] found by performing experiments of sensitized photoisomerization that the yield of the E fi Z process is only 0.015, while the Z fi E process occurs with a quantum yield of 1.
The crossings between the T 1 and S 0 potential-energy curves enable the thermal isomerization to proceed via a triplet state and enhance the rate of the T 1 fi S 0 intersystem crossing decay. Thus, the absence of spectroscopic observations of T 1 can be related to the very short lifetime of this state caused by the T 1 /S 0 crossings.
The second triplet state is of pp* character at the twisted geometry and shows a high barrier at about 90°a long the NN twisting [18, 19] . It was inferred [18] that this barrier is due to the np* component, which becomes dominant as rotation proceeds. We calculated the potential-energy curves of a number of triplet states at the T 1 geometries by the TD-DFT procedure. The results are reported in Fig. 2 . It appears that the second triplet state is much higher than T 1 and vestiges of potentialenergy crossing between the pp* and np* diabatic components cannot be recognized. Furthermore, the substantially higher energy of T 2 rules out the possibility that this state plays a role in the sensitized photoisomerization experiments performed so far. 
Excited singlet states
As discussed in the Introduction, the UV-vis absorption spectrum of E-Ab in hexane solution shows a weak band at 432 nm ( max =400) and an intense band with a maximum at 318 nm ( max =22,300). The former is structureless even in low-temperature mixed crystals and is attributed to the lowest singlet state, S 1 (B g )o fn p * nature. The latter is attributed to S 2 (B u )o fpp* nature and shows a vibronic structure exhibiting identifiable vibrational progressions in the dibenzyl single-crystal spectrum.
The lifetime of the S 2 state was found to be very short, 0.1 ps, while the lifetime of S 1 was found to vary from 2.5 to 0.5 ps depending on the excitation wavelength used. Unfortunately, no lifetime measures have been performed in a situation where one of the two isomerizable coordinates is kept fixed, such as in rigid matrices or in sterically hindered Ab derivatives.
According to previous studies of potential-energy diagrams [18, 19] , the inversion coordinate alone cannot explain the short lifetime of S 2 or the wavelengthdependence of the Ab photophysical properties. For this reason we reexamined the potential-energy curves for the NN twisting path of isomerization in a number of low-lying singlet states.
The energies of the lowest excited singlet states were calculated at the MS-CASPT2 level, in the planar E geometry optimized for the S 0 state. These energies are reported in Table 3 . The S 1 (np*) and the S 2 (pp*) states are found at 2.7 and 3.9 eV, respectively, in good agreement with the energies of 2.9 and 3.9 eV corresponding to the maxima (432 and 318 nm) observed in the UV-vis absorption spectra. Only 5 kcal mol )1 above S 2 we find a state of type A g in which the main electronic configuration is the n 2 p* 2 double excitation, in agreement with the calculation of Ref. [19] .
The optimized geometry of the S 1 state, calculated by the 14/12 CASSCF approach with the 14/12 active space, assuming C 2h symmetry as in the ground state, is reported in Table 1 . With respect to the ground-stategeometry parameters, the NN bond is slightly longer in S 1 , by 0.014 Å , while the NC bonds shorten significantly, by 0.057 Å . The NNC angle increases from 115°i n the ground state to about 128°. The variations indicate that in S 1 the NN bond order is similar to that in the ground state and that the decrease of the n orbital electronic population favors the sp hybridization and makes it easier for the molecule to isomerize along the in-plane inversion path.
The potential-energy curves along the NN torsional coordinate from E toward Z geometry, calculated with the TD-DFT and the MS-CASPT2 approaches, are reported in Figs. 2 and 3 , respectively. The energy curves of excited singlet states are calculated at 10°intervals for the optimized geometries of the ground state.
The TD-DFT energy curves displayed in Fig. 2 include only singly excited states, since this method does not take into account properly doubly excited states. No singly excited state shows a clear minimum at 90°twis-ted geometry. Furthermore, these curves fail to reveal any feature that can explain the fast decay of S 2 and the ability of this state to decay bypassing S 1 .
The potential-energy curve of S 1 shows peculiar behavior in the twisted region that may be an artifact of the TD-DFT method in the region of 90°, where S 1 has a small energy gap with respect to S 0 . Thus, the TD-DFT energy curves of excited singlet states are not very useful to analyze the photochemistry and the photophysics of Ab.
The vertical potential-energy curves calculated by the MS-CASPT2 approach, at the optimized ground-state geometries, are reported in Fig. 3 . These curves pertain to the lowest six singlet states, including doubly excited states that are usually important for the photochemical reactions although they are not observed by the usual one-photon absorption spectroscopy. The S 1 energy curve along the NN torsion is essentially flat and geometry-optimization starting from a twisted geometry brings the molecule back toward the E geometry. All the other excited-state energy curves, with the exception of S 3 , do not exhibit minima at the twisted geometry, but rather at about 140°, above the E isomer geometry. Thus, they should not induce appreciable E fi Z photoisomerization, and are compatible with a very high Z fi E photoisomerization. This holds in particular for the S 2 (pp*) state. The S 3 state, of A g symmetry and based predominantly on the n 2 p* 2 doubly excited configuration in the planar geometry, shows a potentialenergy curve with a deep minimum at about 100°, close to the twisted geometry, as found by Cattaneo and Persico [19] . According to our calculations, the energy curve of this state crosses not only the S 2 energy curve, but also the S 1 energy curve, becoming at the 100°t wisted geometry the lowest singlet excited state with an energy lower by about 5 kcal mol )1 than the S 1 state. We checked that the doubly excited state remains below the S 1 (np*) state after geometry-optimization. This S 3 state obviously plays a fundamental role in the decay of Fig. 3 . The complete-active space second-order perturbation theory potential-energy curves along the NN twist curves. Singlet energy curves (full lines); lowest triplet state energy curve (circles) the S 2 state and is very similar in its electronic structure and in its effect to the HOMO 2 fi LUMO 2 A g state of stilbene with a potential-energy minimum at 90° [39] . The molecule after excitation in S 2 can reach S 3 without activation energy via a conical intersection and from this state can reach the ground state or, via conical intersection, the S 1 state.
We characterized the minima of the S 1 state by calculating their vibrational frequencies with the purpose of assigning the transient resonance Raman spectrum measured by Fujino and Tahara [23] . To calculate the harmonic force field of S 1 we used the CASSCF approach, with the 14/12 active space, and scaled the vibrational frequencies by the factor 0.91 to take into account the effect of dynamic correlation neglected by the CASSCF on the force field. To determine this factor we compared the ground-state frequencies obtained by the same CASSCF approach and by the accurate DFT-BLYP method. The S 0 and S 1 calculated frequencies are reported in Tables 4, 5 , 6 and 7, together with the experimental frequencies [23, 40] .
The BLYP ground-state frequencies appear to describe quite accurately the observed frequencies as did previous calculations with the PW91/6-31+G* and BP86/6-31G* DFT versions [41] and the MP2 approach [42] . Most of the S 0 experimental frequencies can be assigned on the basis of calculations, taking into account not only the frequencies, but also IR intensities and Raman depolarization ratios. The scaled CASSCF frequencies represent satisfactorily the observed groundstate frequencies [41] . Thus, the S 1 frequencies calculated in the same way, reported in the same tables, should allow us to represent correctly the vibrational frequencies observed in the transient Raman spectrum [23] . The good correspondence between observed and calculated S 1 frequencies provides strong support to the hypothesis that the transient state responsible for the time-resolved Raman spectra is the S 1 state.
Discussion
The main results of the present CASPT2 calculations are summarized in Fig. 3 , which shows the potential-energy curves along the NN torsional coordinate of the lowest singlet states. The most important finding is the potential-energy curve of the S 3 (n 2 p*
2 ) state, which shows a deep minimum at 100°, at the twisted geometry, con- firming the CIPSI result of Ref. [19] . According to our CASPT2 calculations, the S 3 state lies about 5 kcal mol )1 above S 2 at the E geometry. Its energy curve crosses the S 2 potential-energy curve close to the E geometry, in the Franck-Condon region of the S 2 ‹ S 0 transition, and no activation energy is required to reach the crossing from the excited E S 2 . A key feature of the S 3 energy curve is that its minimum is found below the S 1 (np*) potential-energy curve and at the twisted geometry of 100°, i.e., closer to the E geometry. Thus the S 3 energy curve also crosses the S 1 energy curve. The S 3 potential-energy curve along the NN torsion provides a fast decay path for the deactivation of the S 2 state.
The consequences on the photophysical/photochemical properties of Ab excited in the S 2 state are the following: (1) the S 2 fi S 3 radiationless transition occurs via conical intersection and, thus, is extremely fast, certainly faster than the vertical S 2 fi S 1 decay taking place at the E geometry; (2) once on the S 3 energy surface, the molecule reaches the S 1 /S 3 conical intersection and jumps on the S 1 energy surface or reaches the minimum of the S 3 energy surface and then decays to the ground state. In the latter case, since the minimum of the S 3 energy surface is not at 90°, but is displaced toward the E geometry, S 3 fi S 0 decay does not contribute to the E fi Z isomerization. In the former case, after reaching the S 1 state, the molecule will isomerize with the quantum yield and according to the proper mechanism of this state. Thus, because of the fast S 2 fi S 3 radiationless transition and of the branching of the following decay, excitation in S 2 will give a lower photoisomerization quantum yield than excitation in S 1 . In this way, the wavelength-dependence of the photoisomerization quantum yield of Ab is explained. The pathways for the decay from the S 2 state are shown in Fig. 4 .
When the motion along the torsional coordinate is blocked, the molecule excited in S 2 cannot reach the S 3 state, but can decay only to S 1 at a planar geometry. Consequently, the photoisomerization quantum yield for excitation of S 2 and S 1 will be the same, as found for the azobenzenophanes [2] . Thus the non-Kasha behavior disappears in these Ab derivatives. At the same time, the S 2 lifetime of these compounds is expected to become longer than 0.11 ps, the lifetime of free Ab. Experimental support for this inference is provided by the linewidth of the S 2 ‹ S 0 absorption spectra in bibenzyl crystals at 20 K [14] , where the matrix effects keep Ab planar. The linewidth of vibronic bands, which was , corresponds to an S 2 lifetime of 0.6 ps that is 5-6 times longer than the S 2 lifetime measured in room-temperature fluid solutions.
We did not investigate the mechanism of the fast S 1 decay considering also the inversion coordinate. The search for critical geometries in a coordinate space not limited to the NN twisting is necessary for this. From the CASPT2 energy curve shown in Fig. 3 it is not obvious that E fi Z isomerization may occur in S 1 . Previous theoretical work [18, 19] indicates that S 1 photoisomerization can follow the inversion path. The transient Raman spectrum observed after excitation of the S 2 state [23] has been shown to be compatible with the S 1 vibrational frequencies. This assignment supports the notion that after excitation to S 2 a significant amount of S 1 is formed.
The present calculations show that the potentialenergy curve of the triplet T 1 has a minimum of 27.8 kcal mol )1 in the twisted region and thus indicate that photoisomerization of this state can occur along the NN twisting path. On the other hand, the energy of the transition state along the inversion coordinate is found at much higher energy, 48.4 kcal mol )1 . It follows that Ab Z fi E isomerization in the T 1 state can occur only along the NN twisting path. Experiments of sensitized photoisomerization in rigid Ab derivatives, in which the NN twisting is blocked, would be useful to test this conclusion.
Further work considering both isomerization coordinates is under way and will be presented elsewhere.
